The near-Earth space radiation environment includes energetic galactic cosmic rays (GCR), high intensity proton and electron belts, and the potential for solar particle events (SPE). These sources may penetrate shielding materials and deposit significant energy in sensitive electronic devices on board spacecraft and satellites. Material and design optimization methods may be used to reduce the exposure and extend the operational lifetime of individual components and systems. Since laboratory experiments are expensive and may not cover the range of particles and energies relevant for space applications, such optimization may be done computationally with efficient algorithms that include the various constraints placed on the component, system, or mission. In the present work, the web-based tool OLTARIS (On-Line Tool for the Assessment of Radiation in Space) is presented, and the applicability of the tool for rapidly analyzing exposure levels within either complicated shielding geometries or user-defined material slabs exposed to space radiation is demonstrated. An example approach for material optimization is also presented. Slabs of various advanced multifunctional materials are defined and exposed to several space radiation environments. The materials and thicknesses defining each layer in the slab are then systematically adjusted to arrive at an optimal slab configuration.
Introduction
For near-Earth or deep-space exploration, ionizing radiation is a limiting factor for manned and unmanned missions. The acute and long-term effects of human exposure must be considered to ensure astronaut safety, and sensitive electronic devices that control data transmission, optics, and other research-related or operational tasks must be hardened or shielded to ensure operability over the mission duration. For both humans and electronics, the total exposure can be reduced with increased shielding; however, the additional mass must be considered against other mission constraints such as cost.
Electronic devices are often radiation-hardened to lengthen their operational lifetime or prevent single event effects. For example, computer chips may be manufactured or enriched with alternative materials, and error correcting memory or redundant elements may be utilized. These approaches, coupled to shielding strategies, must be tested to verify the robustness of the system to radiation exposure. Experimental testing can be performed if the radiation environment is simple or well known. However, space radiation environments are a complex mixture of particles including electrons, protons, and heavier ions spanning the periodic table and ranging in energy from a few MeV/n to several GeV/n. The near-Earth radiation environment includes energetic galactic cosmic rays (GCR) that are modulated by solar activity and attenuated by the geomagnetic field, as well as high intensity, low energy belts of trapped electrons and protons, and the potential for solar particle events (SPE). For deep space missions away from planetary bodies, there are no trapped particle environments; however, the exposure from GCR and SPE is increased without the protection of the geomagnetic field. Experimental testing for space systems is therefore difficult and expensive due to the broad range of particles and energies that must be considered.
An approach for testing radiation hardened components or shielding strategies for electronic devices is to supplement experimental testing with results from verified and validated efficient computational tools. This allows analyses to be performed rapidly and economically over the broad range of particles and energies found in space. The high efficiency is particularly useful in the early design stages where mass distributions and shielding materials change often. In this paper, we discuss the On-Line Tool for the Assessment of Radiation in Space (OLTARIS), available at https://oltaris.nasa.gov [1] . This tool was developed specifically to provide rapid analysis of materials, shielding concepts, and geometry models in space radiation environments. An overview of the OLTARIS architecture and capabilities is provided, along with results from an example use case with spherical shielding and a simple approach for material optimization.
OLTARIS Overview
OLTARIS is a web-based set of models that allows scientists and engineers to study the effects of space radiation on humans and electronics. In this section, an overview of the OLTARIS architecture, main modules, and basic functionality is provided. The OLTARIS architecture is divided into two main parts, the website, on which users interact through a browser, and the execution environment, where the computations are performed. The website is built primarily with standard open source components, and the execution environment is primarily FORTRAN executables running on a computational cluster. A flowchart of the data and execution flow is shown in Figure 1 . The boxes indicate different components or modules of the system. This modular system makes it easy to maintain and upgrade as new algorithms, methods, and capabilities are developed. The green boxes indicate user-supplied data; the blue boxes indicate data that can either be downloaded from the web server or used in the calculations and stored on the execution host. The gold boxes represent the computations which are performed on the execution host. Each of the boxes will be explained in more detail. The computational engine of OLTARIS is made up of three main modules. The environmental module is used to define an external space radiation environment (boundary condition). The transport module determines how the external environment is modified as it passes through bulk material. The response function module converts the outputs from the transport module to various quantities of interest for biological or electronic related endpoints (dose in silicon, dose equivalent, etc.).
The user can currently select from five different types of space radiation environments: SPE, GCR, Earth orbit, lunar surface, or the Europa design environments. SPE are sporadic events associated with coronal mass ejections made up of protons with energies reaching hundreds of MeV. On OLTARIS, an SPE may be defined in terms of a historical event, linear combination of historical events, or in terms of fitting functions (Weibull fit, exponential in energy, exponential in rigidity, Band function) with user-specified fitting parameters. GCR originate outside our solar system and are thought to be accelerated in the shockwaves of supernovae. They are composed of ionized particles spanning the periodic table with energies from a few MeV/n up to TeV/n. On OLTARIS, a GCR environment may be defined in terms of historical solar minima or maxima, by mission date, or by a solar modulation parameter. An Earth orbit (circular trajectory) environment may include GCR with an attenuated low energy spectrum due to the geomagnetic field, trapped protons, and albedo neutrons. The trapped proton environment near-Earth is intense but with energies below 100 MeV. Albedo neutrons are produced as a result of interactions between the GCR and atmosphere with energies below 100 MeV. On OLTARIS, the Earth orbit environment is defined with a mission time frame, altitude, and inclination. The lunar surface environments are defined in terms of SPE or GCR, and are only applicable for projects with a three dimensional geometry model. In these projects, the radiation from the downward direction (i.e. facing the lunar surface) is neglected. The effect of lunar albedo neutrons is not included at this time. The Europa design environments are selected databases for various Europa mission scenarios including trapped electrons, protons, and heavier ions. The energy spectrum of these particles can extend up to the GeV/n range. A more detailed description of the environment models used in OLTARIS can be found in reference [1] .
In order to discuss the transport module, a description of the geometry options within OLTARIS is necessary. There are currently two user-defined geometries that can be analyzed -either a semi-infinite planar slab, or a three dimensional geometry described by a thickness distribution. The semi-infinite planar slab will be referred to simply as a slab throughout the rest of this paper. A slab has a finite thickness in the z direction and infinite thickness in the x and y directions. Slabs may be defined with user-defined materials with any number of layers, in any order, with any finite thickness.
For three dimensional geometry models, a ray-tracing approach is used to provide a distribution of thicknesses and materials surrounding a target point within the geometry. Ray-tracing refers to the process of determining the type and thickness of each material traversed by a ray as it passes from a fixed target point to the geometry boundary. It should be noted that OLTARIS does not provide the capability to ray trace user geometries. The user must perform the ray trace and provide the thickness distribution to the tool. In order to compute the total radiation environment at the point, a large number of rays (usually ~10 3 ) are selected so that the full 4π steradians are adequately covered. The distribution of thicknesses along each ray calculated in the ray-tracing procedure is referred to as a thickness distribution. The total exposure (flux or response function) at the point is obtained by using the results from the transport module to obtain an exposure for each ray direction; the total exposure is obtained by integrating the results for all rays. A more detailed discussion of thickness distributions and how they are used within the transport module can be found in the references [1 -3].
OLTARIS currently allows thickness distributions to have at most three materials in a fixed order. The material types and order may be specified by the user. In complicated geometries, where rays may pass through several types of materials in arbitrary orders, scaling methods [4, 5] are often employed by users to convert thicknesses of one material to equivalent thicknesses of another material. No such scaling methods are used implicitly by OLTARIS. In either geometry, users may define or use pre-defined materials (aluminum, polyethylene, silicon, water, tissue, etc.). Userdefined materials may be specified in terms of a chemical formula, elemental mass percentage, or molecular mass percentage. The material definition is used to generate cross section databases that describe probabilities of various atomic and nuclear interactions between projectiles and target atoms and nuclei.
The transport module is composed of two paths depending on the type of geometry the user selects -either slab or thickness distribution. Both paths use transport methods based on HZETRN2010 (High charge (Z) and Energy TRaNsport) [6, 7] . For the slab geometry, the chosen boundary condition is transported through user-defined materials and thicknesses to generate flux/fluence at the material interfaces and at the end boundary. For the case of a thickness distribution, the chosen boundary condition is transported through an array of materials and thicknesses to provide a database of flux/fluence values. The database is used in conjunction with a thickness distribution to compute the exposure at a point inside a three dimensional geometry.
The response function module takes the flux/fluence calculated in the transport module and computes selected responses. This includes the differential flux/fluence spectrum, LET (Linear Energy Transfer) spectrum, dose in silicon, dose in tissue, TEPC (Tissue Equivalent Proportional Counter), dose equivalent using the ICRP (International Commission on Radiological Protection) 60 [8] LET dependent quality factor, and effective dose equivalent [9] using the human phantoms Computerized Anatomical Man (CAM) [10] , Computerized Anatomical Female (CAF) [11, 12] , Male Adult voXel (MAX) MAX [13] , or Female Adult voXel (FAX) [14] . More detailed discussion of the response functions on OLTARIS can be found in reference [1] . For the case of a slab, the selected response is computed at each layer interface and at the end of the slab. For the case of a three dimensional geometry, the selected response is computed at the target point specified in each thickness distribution. The database of values used to compute the point response within the shielding geometry is also returned.
The website is composed of a series of pages and data that allows various analyses to be created, executed, edited, and examined. The Projects page, shown in Figure 2 , is the first page encountered after login. Each project is the complete encapsulation of a calculation; it includes the definition of the external environment, the geometry selection, and response functions. The Projects page is used to create new projects, edit existing projects, submit new jobs to the compute cluster, and access the results of previous jobs. A job is an instantiation of a project that is packaged for processing. When a new project is created, the user is stepped through a series of pages that allows different aspects of the problem to be defined. Help pages are available at any point in the process if more information is needed. Once the project is saved, the user is returned to the Projects page to submit a job to the compute cluster. A project can include multiple jobs so that if particular elements of the project need to be changed (environment, geometry, etc.), the user can do so and create an additional job that can be submitted under that same project.
Once a job is submitted, its status may be queried from the Jobs page. When a job is complete, an email is sent to the user, and the results may be viewed by selecting Display/Download Results for the completed job on the Jobs page. The results page will list some of the results directly in tabular form and allow some data, such as dose versus depth, to be plotted. The Plot page has the option to copy the plotted data to the clipboard so that it can be pasted into various local applications. The user also has the option to download the data to their desktop computer in the form of a text file or can cut-and-paste directly into a spreadsheet.
Another section of the website is the Thickness Distributions page which is selected from one of the main tabs across the top of the page. This page presents a list of the user's current thickness distributions and allows the user to upload new ones. Once a thickness distribution is uploaded to the site, it is available for selection from a Project page. Thickness distributions are uploaded to the site in the form of an XML file. A document describing the format of the file and sample files can be downloaded from the Thickness Distributions page. A phantom Computer Aided Design (CAD) object that represents a human geometry may also be downloaded so that it may be positioned and oriented in the CAD model. The Slabs and Materials sections, selected from the tabs at the top of each page, are used to create user-defined slabs of any material. Materials may be defined at the Materials tab by entering the material's elemental mass percentage, its molecular mass percentage, or its chemical formula. Once the material is defined, the definition needs to be submitted to the computational grid so that the cross sections can be computed for later use. Once the cross section database is available, the user can then go to the Slabs tab and define a layup of materials of any thickness, in any order. Once a slab is created, it can be selected for a project from the Projects page. Further discussions regarding the OLTARIS website can be found in the references [1].
Example Use Case: Dose (silicon) versus Depth Material Comparisons
In early phase mission planning, vehicle, or shield design, it is often useful to compare exposure quantities for various materials as a function of spherical shielding thickness. This allows the radiation shielding properties of materials to be traded against other known properties (mass, thermal, structural, conductive, etc.) in a simple and efficient manner. For electronic systems, a relevant exposure quantity is dose in silicon. In this section, results are presented for ten different materials exposed to SPE and GCR environments with spherical shielding thicknesses reaching 100 g/cm 2 . The materials are listed in Table 1 with a brief description. Note that the unit of g/cm 2 is obtained by multiplying the measured length in cm by the material density in g/cm 3 . The results are shown in Figure 3 for the 1972 King event [16] (left pane) and the 1977 solar minimum GCR environment [17] (right pane). The King parameterization of the 1972 event is being used due to its historical presence in the literature and use as a design standard environment. The 1977 solar minimum GCR environment is being used also because of its historical presence in the literature and because it represents a severe case for the natural background environment in space. The materials have been ordered in the legend according to the dose level found at 100 g/cm 2 . Note that the vertical axis for the SPE results is in log scale, while the vertical axis for the GCR results is linear.
The rapid decline of the SPE dose versus depth curve reflects large energy deposition by the lower energy primary protons as they pass through the slab. Conversely, the slower decline of the GCR dose versus depth curve reflects smaller energy losses by more energetic protons and heavier ions. This indicates that shielding is more effective in reducing exposure levels for SPE than GCR. Figure 3 shows that hydrogen rich materials such as water and polyethylene provide the best radiation shielding at all thicknesses. This is primarily due to the low charge and neutron number in the target (fewer target fragments) and the ability of hydrogen to attenuate low energy neutrons through elastic collisions. Heavier materials such as tungsten and tantalum are less efficient radiation shields due to the large number of target fragments and neutrons that may be produced.
It should be noted that these results are not true for all space radiation environments. For example, lower energy trapped electron environments near-Earth are more efficiently shielded by heavier materials. The data in Figure 3 may also show that there is little difference, from a radiation exposure perspective, between pure aluminum and the aluminum 6061 alloy. This type of information is useful when trading radiation protection properties against other properties 
